Introduction
============

Periodontitis is a multifactorial disease characterized by the destruction of the supporting structures of the teeth (the periodontal ligament and alveolar bone), and it affects millions of people each year.^[@bib1]^ Studies have shown that the identification of risk factors is increasingly important for the treatment and prevention of periodontitis.^[@bib2]^ Studies from multiple countries have demonstrated that 7 to 15% of the dentate adult population suffer from destructive periodontal disease.^[@bib3]^ In addition to the effects of bacteria, which are found on the surface of the tooth and on the tooth root,^[@bib4]^ there is also strong evidence showing that the destructive processes occurring as part of the host inflammatory response are responsible for the majority of the hard and soft tissue breakdown that leads to clinical signs of periodontitis.^[@bib5]^

There are many environmental risk factors that are associated with the inflammatory response. These risk factors, including smoking, diabetes mellitus and poor health habits, are important components driving the chronic inflammatory response in periodontitis.^[@bib6]^ Factors such as stress, depression and anxiety, all of which have long been linked to periodontal disease, are also frequently identified as additional factors that may affect the progression of periodontal disease.^[@bib7],\ [@bib8]^

Chronic stress (CS) is an internal response by the hypothalamic--pituitary--adrenal (HPA) axis to a prolonged period of emotional or physiological stress.^[@bib9]^ It involves a release of corticosteroids by the endocrine system. Although the immediate effects of stress hormones are beneficial in situations of acute stress, exposure to long-term stress results in high levels of these hormones and may lead to high blood pressure, damage to muscle tissue, inhibition of growth and suppression of the immune system.^[@bib10]^ These effects may ultimately contribute to the exacerbation of periodontitis. The idea that chronic stress fosters disease by activating the HPA axis is an important component of understanding the progression of a disease. In the past decade, evidence from epidemiologic studies has confirmed that there is a correlation between periodontitis and stress, depression and negative life events.^[@bib11]^ Studies of the effects of CS commonly restrain rats for 12 h on 1 day as a way to model CS. However, after 2 h of continuous exposure to immobilization, stress will significantly impair the HPA axis response.^[@bib12]^ Therefore, it is important to establish a more effective animal model of CS-induced periodontitis. Although there is a clear relationship between stress and periodontal disease, information on exactly how to define CS and whether CS may accelerate the pathological progression of periodontitis is unclear. The present study evaluated the individual effects of ligation, chronic stress and their combined effects on the progression of periodontitis in rats to assess a new animal model of CS-induced periodontitis. The effects on body weight, serum levels of corticosterone, behavioral changes and the pathological progression of periodontitis were analyzed. In addition, the mechanism responsible for these effects was analyzed.

Materials and methods
=====================

Animals
-------

A total of 120 male Wistar rats (Charles River Laboratories, Wilmington, MA, USA) with an average initial weight of 180 g were selected. The animals were housed at a stable temperature (20--24 °C) with a relative humidity of 50--70% and a 12-h light/dark cycle. Animals were acclimatized to the housing conditions over 4 weeks. Food and water were available *ad libitum* except during times when restraint or food/water deprivation stresses were applied. Because crowding or isolation may be stressful to experimental animals,^[@bib13]^ animals were housed five per cage throughout the experiment. The animals were weight stratified and then randomly assigned to one of the four experimental groups: control group (G1), chronic stress group (G2), ligature-induced periodontitis group (G3) and ligature-induced periodontitis with chronic stress group (G4). Each group contained 30 rats.

Experimental periodontitis
--------------------------

All procedures were in agreement with the standards for the care of laboratory animals and were approved by the Medical Ethics Committee of the National Institutes of Health guidelines. Experimental periodontitis was induced in G3 and G4 animals as described by Kayal.^[@bib14]^ Ligation was performed under general anesthesia (0.5 ml kg^−1^ intramuscular administration of a combination of ketamine and xylazine; Ketanest, Parke-Davis, Berlin, Germany). After anesthesia, the right maxillary first molars of each animal were ligated with 0.20 mm nylon thread (Ethicon, Johnson & Johnson, São Paulo, Brazil) placed around the neck of tooth in the gingival area to induce experimental periodontal disease. G1 and G2 animals were not ligated. The ligatures were kept in place for the entire experimental period and served as a way to accumulate oral microorganisms. After the operation, rats from G3 and G4 received wet food and a syrup drink (100 ml water with 10 g sugar) for 3 days.

Chronic stress induction
------------------------

Chronic stress was induced daily in G2 and G4 from 0830 to 1030 or from 1430 to 1630 h starting on the fourth day after the induction of periodontitis using a modification of the methods of Willner *et al.*^[@bib15]^ The experimental period lasted 4 weeks. During each week of the stress regime, rats underwent two periods of each of the following treatments: food or water deprivation; 45° cage tilt; soiled cage (250 ml water added to the sawdust bedding); feet shocking (5 min); swimming in 4 °C or 45 °C water (5/min); tail clamp (1 min); being bound; and no stress. All treatments were applied randomly. All groups were weighed, and open-field activity was assessed after 1, 10, 20 and 30 days of the experiment.

Open-field test
---------------

Behavioral changes in rats were determined by the open-field test. The open-field test is a common measure of exploratory behavior and general activity in rats, where both the quality and quantity of the activity can be measured.^[@bib16]^ After 1, 10, 20 and 30 days of CS induction, behaviors were assessed from 800 to 1000 h using an open-field test. The rats were placed in an open field (Xinruan, Shanghai, China), which was 100 cm × 100 cm × 50 cm, with black walls and a bottom composed of 25 equal sections. The number of times the rats crossed through the center of the grid was quantified during a 3-min period, as was the frequency of rearing.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

At the end of experiment, animals were anesthetized, and blood was collected in centrifuge tubes. Blood samples were centrifuged at 3000 revolutions per min for 10 min at 4 °C. Serum was extracted, stored in plastic tubes and frozen at −20 °C to assess the levels of corticosterone, interleukin (IL)-1β, IL-6 and IL-8. The concentrations of alanine transaminase, glucose, corticosterone, IL-1β, IL-6 and IL-8 in both serum and culture medium were assayed using ELISA kits (Abcam, Cambridge, MA, USA) according to the manufacturer\'s recommendations. Duplicate aliquots were used for the analyses.

Periodontitis evaluation
------------------------

The severity of periodontitis was evaluated using the gingival index, periodontal pocket depth, plaque index and tooth mobility. Probing depth was established by inspecting the soft gum tissue around the teeth with a probe. Bone loss was detected by both conventional radiography and histometric evaluation.

Sample collection
-----------------

All animals were killed by an overdose of ether at the end of the experiment. The marginal gingival tissues containing alveolar bone and the soft tissues surrounding the maxillary first molars were collected. All tissue samples were fixed in 4% buffered formaldehyde (pH 7.4) for 48 h. Radiographs were taken using a dental X-ray unit (Specto70x, DabiAtlante, Ribeirao Preto, Brazil) to determine alveolar bone loss in ligated and nonligated teeth. Inflammatory cells, osteoclasts, fibers and fibroblasts were counted in the connective tissue of all experimental groups. In addition, the tissues were sectioned for histometric evaluation.

Histological procedures
-----------------------

The tissue blocks from the maxilla were perfused with phosphate-buffered saline and then with 4% paraformaldehyde for 48 h under physiological pressure. They were decalcified in trichloroacetic acid until complete decalcification was radiographically confirmed. After dehydration in a graded alcohol series, the samples were embedded in paraffin and cut into 6 μm serial sections. Corresponding sections were stained with hematoxylin (Sigma, St Louis, MO, USA) for 10 min at room temperature. Sections were then stained with eosin (0.5%, Merek, Whitehouse Station, NJ, USA) for 30 s, washed with running water and covered for observation. Sections were observed using Image-Pro Plus 5.0 software (Media Cybernetics, Bethesda, MD, USA) (200 ×) for lesion area analysis.

Reverse transcription-PCR
-------------------------

Total RNA was extracted from the periodontal tissue and the cultured cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer\'s protocol. After assessing RNA purity, ∼5 μg total RNA from each sample was reverse transcribed into first-strand complementary DNA (cDNA) for reverse transcription-PCR analysis. The specific primers used were as follows: Toll-like receptor-4 (TLR4; rat), 5′-AATGAGGACTGGCTGAC-3′ (forward primer) and 5′-TGAGGTCGTTGAGCTTAG-3′ (reverse primer); TLR4 (human), 5′-TGATGTCTGCCTCGCGCCTG-3′ (forward primer) and 5′-TAGGACCACCTCCACGCAGGG-3′ (reverse primer); β-actin (rat), 5′-ACCACAGCTGAGAGCGAAATCG-3′ (forward primer) and 5′-AGAGGTCTTTACGGATCTCAACG-3′ (reverse primer); and β-actin (human), 5′-ACTCGTCATACTCCTGCT-3′ (forward primer) and 5′-GAAACTACCTTCAACTCC-3′ (reverse primer). The amplification program was 94 °C for 3 min, followed by 33 cycles of 94 °C for 1 min, 58 °C for 1 min and 72 °C for 1.5 min, followed by a final step at 72 °C for 15 min. Aliquots of the PCR products were electrophoresed on 1.5% agarose gels, and PCR fragments were visualized by ethidium bromide staining. Real-time PCR experiments for each gene were performed in triplicate. β-Actin was used as the internal control for mRNA.

Western blotting analysis
-------------------------

Periodontal tissue and cells were homogenized and lysed in RIPA lysis buffer (100 m[M]{.smallcaps} NaCl, 50 m[M]{.smallcaps} Tris-HCl, pH 7.5, 1% Triton X-100, 1 m[M]{.smallcaps} EDTA, 10 m[M]{.smallcaps} β-glycerophosphate, 2 m[M]{.smallcaps} sodium vanadate and protease inhibitor). Protein concentration was assayed using the micro-BCA protein assay (Pierce, Rockford, IL,USA). Proteins (40 μg per lane) were separated by 12% SDS--polyacrylamide gel electrophoresis and electroblotted onto a nitrocellulose membrane (Amersham Pharmacia, Freiburg, Germany). Nonspecific binding was blocked by incubating membranes with 5% non-fat milk in Tris-buffered saline with Tween-20 buffer at room temperature for 1 h. The nitrocellulose membranes were incubated with anti-p-Akt (1:500), anti-TLR4 (rat/human) (1:500), anti-glucocorticoid receptor-α (GR-α) (rat/human) (1:1000) or anti-β-actin (rat/human) (1:500) antibodies for 1 h at room temperature. Following three washes with Tris-buffered saline containing Tween-20, horseradish peroxidase-conjugated secondary antibodies were added, and enhanced chemiluminescence (Amersham Pharmacia, Piscataway, NJ, USA) was used for detection.

HPDLF isolation, culture and characterization
---------------------------------------------

Human periodontal ligament fibroblasts (HPDLFs) were isolated from the middle third region of the roots of periodontally healthy teeth of adolescents during standard orthodontic procedures at the PLA Navy General Hospital of Dentistry after obtaining the donors\' informed consent. The cells were cultured and characterized as described previously.^[@bib17]^ HPLF2630 cells were purchased from SHBIO (Sixin, Shanghai, China) and cultured following the manufacturer\'s protocol.

SiRNA transfection
------------------

GA-α small interfering RNA (siRNA; Sigma-Aldrich) transfection was performed according to the manufacturer\'s instruction. Briefly, 1 μg of vector was incubated with 5.0 μl of serum-free medium for 5 min (Solution A), and 2 μl of Lipofectamine 2000 (Invitrogen) was incubated with serum-free medium for 5 min (Solution B). Solution A was mixed with solution B and incubated for 20 min. After incubation, HPDLF cells were added to the mixture. Cells were then harvested at 24 h after transfection for further analysis. The efficiency of GA-α siRNA was confirmed by western blotting analysis.

GA-α plasmid construction and cell transfection
-----------------------------------------------

Total RNA was isolated from HPDLFs using Trizol reagent (Invitrogen) according to the manufacturer\'s instructions. The cDNA was synthesized by reverse transcription of total RNA using the PrimeScript RT reagent kit (Takara, Dalian, China) with oligo-dT primers according to the manufacturer\'s protocol. The open reading frame of GA-α cDNA was then cloned and inserted into the pcDNA3.1 vector (Invitrogen) to create pcDNA3.1-GA-α expression vectors. Cells transfected with the pcDNA3.1 vector alone were used as negative controls. Cell transfection was performed using the FuGENE HD transfection reagent (Roche, Indianapolis, IN, USA) method as suggested by the manufacturer.

NF-κB activity assays
---------------------

Treated cells were co-transfected with pNifty-Luc NF-κB-Luciferase reporter cDNA and β-galactosidase cDNA using Lipofectamine 2000, following the manufacturer\'s guidelines, and cultured for 24 h. Transfected cells were then incubated in the absence or presence of lipopolysaccharide (LPS; 20 ng ml^−1^) for 3 h. Luciferin (0.15 mg ml^−1^) was then added to each well, and luminescence was measured using a FLUOstar Omega (BMG Labtech, Offenburg, Germany) plate reader. Cells were washed with phosphate-buffered saline and incubated with a β-galactosidase assay reagent for 30 min. Absorbance at 405 nm was measured using a colorimetric plate reader. Nuclear factor-κB (NF-κB) activity was defined as the luminescence normalized to the optical density of the colorimetric detection of β-galactosidase.

Statistical analysis
--------------------

The results are presented as mean±s.d. Analyses among three or four groups were carried out by the Tukey--Kramer test in cases where a significant effect was shown by the one-way analysis of variance F-test. Statistical analyses for direct two-group comparisons were performed with the unpaired *t*-test, and statistical analyses to compare changes within one group before and after the experimental process were performed with the paired *t*-test. Analyses were conducted using SPSS13.0 software (Chicago, DE, USA). A difference was considered statistically significant at *P*\<0.05.

Results
=======

An animal model of periodontitis with chronic stress
----------------------------------------------------

The mean body weight of all rats was ∼180 g at the beginning of the study. There were no statistically significant differences among the groups (*P*\>0.05). Compared with G1, the animals with periodontitis induced by ligature (G3) showed a slower increase in body weight, but the difference was not statistically significant. Furthermore, animals experiencing CS alone (G2) and those undergoing the periodontitis and CS treatment (G4) exhibited slower increases in body weight than in G1 animals. At the end of the treatment, there was a significant difference between G1 and G2 and between G1 and G4 in mean body weight (both *P\<*0.05), but there was no statistically significant difference between G1 and G3. The final mean body weights were 231.4±5.3 g for G1, 215.5±9.2 g for G2, 226.1±8.6 g for G3 and 209.7±10.8 g for G4 ([Figure 1a](#fig1){ref-type="fig"}). There were no statistically significant differences among the four groups in serum levels of glucose or alanine transaminase throughout the experimental period ([Figures 1b and c](#fig1){ref-type="fig"}).

After 10 days of CS induction, rats in G2 and G4 began to exhibit abnormal behavioral changes, such as biting each other, being restless and easily frightened and frequently being in a state of high alert. As shown in the open-field test, CS treatment reduced the number of grids crossed by rats (G2 vs G1, and G4 vs G1, both *P*\<0.05) ([Figure 1d](#fig1){ref-type="fig"}). Similarly, the frequency of rearing in G2 and G4 was also significant less compared with that of G1 (both *P*\<0.05; [Figure 1e](#fig1){ref-type="fig"}).

The HPA axis is the central neuroendocrine pathway for the physiological stress responses in mammals. The glucocorticoid hormone corticosterone, the major stress hormone in rodents, is secreted by the HPA axis when individuals respond to a stressor.^[@bib18]^ In our study, after CS treatment, serum levels of corticosterone were significantly increased in G2 and G4 compared with that of G1 (both *P*\<0.05; [Figure 1f](#fig1){ref-type="fig"}).

CS enhanced the severity and inflammatory reaction of periodontitis
-------------------------------------------------------------------

To explore the effects of CS on the progression of periodontitis, the severity of periodontitis and the inflammatory reaction of periodontal tissue were evaluated. An X-ray test of alveolar bone loss showed that greater bone loss was observed in G3 and G4 at 30 days compared with that in the control group (G1). Most importantly, the alveolar bone loss in G4 was significantly increased compared with that in G3 ([Figure 2a](#fig2){ref-type="fig"}). The severity of periodontitis was determined based on the clinical indicators gingival index, periodontal pocket depth, plaque index and tooth mobility. Analysis showed that the gingival index of both G3 and G4 were significantly increased compared with that of G1, with the greatest increase observed in G4 ([Figure 2b](#fig2){ref-type="fig"}). Analysis of periodontal pocket depth, number of plaques and tooth mobility also showed that ligature placement resulted in more serious clinical manifestations compared with those observed in the nonligated controls. In addition, CS significantly enhanced these clinical manifestations in rats with periodontitis compared with those without periodontitis ([Figures 2c--e](#fig2){ref-type="fig"}).

Hematoxylin and eosin staining was used to illustrate the histopathological alteration of periodontal tissues ([Figure 3a](#fig3){ref-type="fig"}). The inflammatory reaction was noticeable with ligature treatment (G3). In this group, the organizational structures were damaged, and there was an increased number of osteoclasts and decreased numbers of fibers and fibroblasts (*P*\<0.05) compared with those in the nonligated controls (G1). The inflammatory infiltrates were primarily composed of mononuclear cells indicating a chronic inflammatory reaction. Furthermore, cotreatment with CS (G4) enhanced the inflammatory reaction, increased damage to the periodontal ligament and induced a significant increase in osteoclasts and decreases in fibers and fibroblasts (*P*\<0.05) compared with those in G3. Furthermore, no obvious pathological change in the connective tissues was observed in the CS group (G2) ([Figures 3b--e](#fig3){ref-type="fig"}).

CS inhibits GR-α expression in periodontal tissue
-------------------------------------------------

The ELISA showed that CS significantly enhanced the increases in IL-1β ([Figure 4a](#fig4){ref-type="fig"}), IL-6 ([Figure 4b](#fig4){ref-type="fig"}) and IL-8 ([Figure 4c](#fig4){ref-type="fig"}) expression brought about by periodontitis. CS also upregulated the expression of TLR4 as shown by an increase in both mRNA and protein levels ([Figures 4d and e](#fig4){ref-type="fig"}). These results confirmed that CS can effectively enhance the inflammatory reaction that occurs with periodontitis.

GR-α, a transcriptional control factor, is the predominant glucocorticoid receptor isoform. New evidence indicates that the deregulation of GR-α plays an important role in inflammatory disorders^[@bib19]^ and that the function of GR-α can be affected by many environmental factors, such as CS.^[@bib20]^ To determine whether CS influenced GR-α expression in periodontal tissue or whether it was correlated with the enhanced inflammatory reaction observed in G4, the expression of GR-α in periodontal tissues was assessed. The results showed that the expression of GR-α was significantly decreased in both G2 and G4 compared with that in G1, whereas there was no significant difference in expression between G3 and G1 ([Figure 4f](#fig4){ref-type="fig"}). These results suggest that GR-α may be involved in the mechanisms underlying CS-induced increases in the progression of periodontitis.

Effects of GR-α on the LPS-induced inflammatory reaction
--------------------------------------------------------

HPDLFs are important periodontal ligament cells. They are involved in the synthesis and absorption of collagen and can repair the collagen in the periodontal ligament to promote recovery from periodontitis.^[@bib21]^ Therefore, we explored the effect of GR-α on periodontal ligament cells under inflammatory conditions. We pretreated the HPDLF and HPLF2630 cells with 20 ng ml^−1^ LPS and 100 ng ml^−1^ corticosteroids for 48 h to simulate the inflammatory environment present during the CS induction of periodontitis.

To determine the effect of GR-α on the LPS-induced inflammatory reaction, the cells were stimulated with LPS and corticosteroids followed by GR-α siRNA or pcDNA3.1-GA-α for 48 h. Western blotting analysis showed that expression of GR-α was significantly decreased after GR-α siRNA pretreatment, whereas pcDNA3.1-GA-α pretreatment significantly increased GA-α expression compared with that of the control ([Figure 5a](#fig5){ref-type="fig"}). Interestingly, GR-α siRNA pretreatment significantly promoted the phosphorylation levels of Akt ([Figure 5b](#fig5){ref-type="fig"}). Previous reports have shown that Akt phosphorylation contributes to increased TLR4 transcription.^[@bib22]^ Furthermore, reverse transcriptase-PCR and western blotting analysis showed a marked increase in TLR4 expression in both HPDLFs and HPLF2630 cells after GR-α siRNA pretreatment and a decrease in TLR4 expression after GR-α overexpression compared with that in the LPS group ([Figures 5c and d](#fig5){ref-type="fig"}). As expected, GR-α plays an important role in the LPS-induced inflammatory reaction. Recent evidence indicates that the interaction between GR-α and NF-κB is a key pathogenic reaction in inflammatory disorders.^[@bib19]^ An NF-κB activity assay indicated that culturing cells with LPS significantly increased NF-κB activity and that GR-α siRNA pretreatment enhanced this effect, whereas pcDNA3.1-GA-α pretreatment inhibited this effect ([Figure 5e](#fig5){ref-type="fig"}). Samples of the culture medium were also collected, and the concentrations of IL-1β, IL-6 and IL-8 were examined. The results showed that LPS significantly increased the levels of IL-1β, IL-6 and IL-8 and that GR-α siRNA pretreatment further increased the levels of IL-1β, IL-6 and IL-8 ([Figures 5f--h](#fig5){ref-type="fig"}). However, GA-α overexpression effectively eliminated the LPS-induced increases in the levels of IL-1β, IL-6 and IL-8. These result suggest that GR-α may inhibit the LPS-induced inflammatory reaction by affecting TLR4 expression and suppressing the activity of NF-κB.

Discussion
==========

Periodontitis is a multifactorial disease that affects the periodontium, the tissues surrounding and supporting the teeth.^[@bib23]^ A diagnosis of periodontitis is established during clinical examination by inspecting the soft gum tissue around the teeth with a probe and evaluating the patient\'s X-ray films to determine the amount of bone loss around the teeth.^[@bib24]^ In this study, placing a nylon thread ligature around the neck of the maxillary first molar of rats for 30 days resulted in bleeding and erosion in the soft gum tissues and the formation of a periodontal pocket. Bone loss around the teeth, as shown by X-ray examination and histopathological evaluation, the periodontal pocket depth and the number of plaques present were all greater in the groups with periodontitis. These results demonstrated a successful establishment of a model of periodontitis that had a clinical course similar to that in humans.

Stress may be defined as a psychophysiological response state of an organism facing the perception of a challenge or a threat to the body. Stress plays an important role in the etiology and maintenance of many inflammatory diseases, including periodontal disease.^[@bib25]^ However, because of the difficulties in quantifying the amount and duration of stress or the possible adaptive responses to stress, the evaluation of the criteria needed to study chronic stress in an animal model of periodontal disease remains incomplete. In the present study, we provided multiple, random stressful stimuli for 2--4 h a day to reduce the ability of the rats to adapt to chronic stress. We used body changes in weight, open-field test behaviors and serum corticosterone levels to evaluate the effects of CS.

Although our results demonstrated significant differences in body weight, the number of grid crossings and rearing frequency between the CS groups and the control group, there were no differences between the groups of animals without CS. Analysis of serum corticosterone levels also showed a statistically significant difference between the CS and control group. These results indicate that a suitable model was developed for the study of the effects of CS on periodontitis. Acute stress has been reported to have a negative effect on blood glucose concentrations in patients with type 1 and type 2 diabetes.^[@bib26]^ Therefore, we also tested whether our model of chronic stress affected the general health of the animals. There was no difference in ALP or glucose levels among the four groups throughout the experimental period.

Using the animal models described above, we analyzed the effects of CS on the progression of periodontitis. Previous studies have suggested that chronic stress may have a net negative effect on the immunological response of the body, leading to an imbalance between hosts and parasites and resulting in further periodontal breakdown.^[@bib27],\ [@bib28]^ Several studies have investigated the possible relationship between psychological stress and periodontitis in rats and have suggested that stress may play a role in the development of periodontal disease.^[@bib29],\ [@bib30]^ In the present study, we showed that CS applied over a period of 4 weeks accelerates the progression of ligature-induced periodontitis, as shown by clinical indications, histological changes and radiographic examination. CS in conjunction with periodontitis also increased serum levels of IL-1β, IL-6 and IL-8 and increased the expression of TLR4 in periodontal tissue. However, no significant differences were observed in the structure of the periodontal tissues between the group undergoing only the CS treatment and the control group. These results indicate that CS alone does not induce any significant changes in periodontal tissues, but that it can significantly accelerate the pathological progression of existing periodontal inflammation and result in the accelerated degradation of periodontal tissues.

GR-α is the predominant isoform of glucocorticoid receptors to which glucocorticoids bind to exert anti-inflammatory and immunosuppressive actions. GR-α expression has been measured in a number of inflammatory disorders and may play a major role in the impaired inflammation response associated with these diseases.^[@bib31],\ [@bib32]^ More importantly, recent studies have shown that impaired HPA axis activity may be associated with glucocorticoid resistance.^[@bib20]^ In this study, the GR-α expression was significantly downregulated in the animals that received CS treatment. Further analysis of the mechanisms responsible for this response show that GR-α siRNA administration significantly enhanced Akt phosphorylation and thus promoted TLR4 transcription. GR-α silencing also promoted LPS-induced NF-κB activation and increased the secretion of IL-1β, IL-6 and IL-8. GR-α overexpression markedly decreased the changes brought about by LPS. Interestingly, we found that CS accelerated the inflammatory reaction only under conditions where periodontitis was present and did not induce inflammatory reactions under other conditions. This may because of the fact that balance of the immune system is more easily disrupted when disease is present, or there may be other pathways that take part in the GR-α-mediated phosphorylation of Akt. These possibilities will be further investigated in our future studies.

In conclusion, the present study demonstrated a more effective animal model for studying periodontal disease in association with chronic stress and confirmed that CS treatment accelerates the inflammatory response and tooth damage cause by periodontitis. Analysis of the mechanism responsible for this response showed that CS may accelerate the progression of periodontitis through effects on GR-α signaling pathways. Thus, our study provides novel insight into the mechanism by which CS accelerates the pathological progression of periodontitis and may facilitate the development of a therapeutic strategy, such as GR-α-regulating drugs for patients with both CS and periodontal disease.
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![Chronic stress-induced changes in body weight and behavior of rats. After pretreatment with a ligature and the induction of chronic stress, the body weight of rats was assessed (**a**). Serum levels of glucose (**b**) and alanine transaminase (ALT) (**c**) were detected by enzyme-linked immunosorbent assay (ELISA); the number of grid crossings (**d**) and rearing frequency (**e**) were analyzed by an open-field test after 1, 10, 20 and 30 days of treatment. The serum levels of the stress marker corticosterone were determined by an ELISA kit at the end of the experimental period (**f**). G1, control group (*n*=30); G2, chronic stress group (*n*=30); G3, ligature-induced periodontitis group (*n*=30); and G4, ligature-induced periodontitis with chronic stress group (*n*=30); *\*P*\<0.05 compared with G1, ^\#^*P*\<0.05 compared with G3.](emm2015127f1){#fig1}

![Chronic stress (CS) enhanced the severity and inflammatory reaction of experimental periodontitis. At the end of the experimental period, alveolar bone loss (ABL) was assessed by an X-ray test and quantified (**a**), and gingival index (GI) (**b**), periodontal pocket depth (PPD) (**c**), plaque index (PI) (**d**) and tooth mobility (**e**) were analyzed by a probe examination. G1, control group (*n*=30); G2, chronic stress group (*n*=30); G3, ligature-induced periodontitis group (*n*=30); and G4, ligature-induced periodontitis with chronic stress group (*n*=30); *\*P*\<0.05 compared with G1, ^\#^*P*\<0.05 compared with G3.](emm2015127f2){#fig2}

![Further histologic changes in local tissue were monitored by hematoxylin and eosin (HE) staining. An inflammatory reaction was noticeable, and damage to organizational structures were observed in G3 and G4 (**a**). Different elements of the connective tissue, including the average number of inflammatory cells (**b**), osteoclasts (**c**), fibroblasts (**d**) and the relative area of collagen fibers (**e**), were quantified under high magnification. G1, control group (*n*=15); G2, chronic stress group (*n*=15); G3, ligature-induced periodontitis group (*n*=15); and G4, ligature-induced periodontitis with chronic stress group (*n*=15); *\*P*\<0.05 compared with G1, ^\#^*P*\<0.05 compared with G3. Scale bar, 100 μm.](emm2015127f3){#fig3}

![Chronic stress (CS) increased the inflammatory reaction and inhibited glucocorticoid receptor-α (GR-α) expression in periodontal tissue. At the end of the experimental period, periodontal tissues were harvested and the levels of inflammatory-related cytokines interleukin (IL)-1β (**a**), IL-6 (**b**) and IL-8 (**c**) were analyzed by enzyme-linked immunosorbent assay (ELISA). The expression of Toll-like receptor-4 (TLR4) mRNA (**d**) and protein (**e**) were analyzed by reverse transcriptase-PCR (RT-PCR) and western blotting. The protein level of GR-α was assessed by western blotting (**f**). G1, control group (*n*=15); G2, chronic stress group (*n*=15); G3, ligature-induced periodontitis group (*n*=15); and G4, ligature-induced periodontitis with chronic stress group (*n*=15); *\*P*\<0.05 compared with G1, ^\#^*P*\<0.05 compared with G3.](emm2015127f4){#fig4}

![Effects of glucocorticoid receptor-α (GR-α) on the lipopolysaccharide (LPS)-induced inflammatory reaction. To clarify the underlying mechanisms of this effect, GR-α small interfering RNA (siRNA) and pcDNA3.1-GR-α were introduced to silence GR-α signaling. Following pretreatment with 20 ng ml^−1^ LPS and 100 ng ml^−1^ corticosteroids (GCs) and GR-α siRNA/pcDNA3.1-GR-α for 48 h, the protein levels of GR-α (**a**) and p-Akt (**b**) were assessed by western blotting. Toll-like receptor-4 (TLR4) mRNA (**c**) and protein **(d**) expressions were also detected, and nuclear factor (NF)-κB activity was assessed by Luciferase assay (**e**). The LPS-induced release of interleukin (IL)-1β (**f**), IL-6 (**g**) and IL-8 (**h**) was analyzed by enzyme-linked immunosorbent assay (ELISA). \**P*\<0.05 compared with control, ^\#^*P*\<0.05 compared with (LPS+mock) or (LPS+blank). Mock, scramble siRNA used as the control for GR-α siRNA; blank, pcDNA3.1 without GR-α gene sequence used as the control for pcDNA3.1-GR-α.](emm2015127f5){#fig5}
